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Molecular Basis of Phosphorylation-Induced
Activation of the NADPH Oxidase
multi-domain proteins and contain a number of protein-
protein interaction modules. It has long been recognized
that activation of the NADPH oxidase is regulated by a
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National Institute for Medical Research complex set of reversible protein-protein interactions,
Mill Hill yet the molecular details of these events are only poorly
London NW7 1AA understood. Phosphorylation of the cytosolic compo-
United Kingdom nents plays an important role in the regulation of these
protein-protein interactions, ultimately leading to mem-
brane recruitment and association with the flavocyto-
Summary chrome (Babior, 1999; Lambeth, 2000).
Key to the assembly process is p47phox, which consists
The multi-subunit NADPH oxidase complex plays a of a PX domain, two SH3 domains, an arginine/lysine
crucial role in host defense against microbial infection rich region (polybasic region) and a proline-rich (P-rich)
through the production of reactive oxygen species. motif (Figure 1A). P47phox is responsible for the associa-
Activation of the NADPH oxidase requires the tar- tion of the p40-p47-p67phox complex with the flavocy-
geting of a cytoplasmic p40-p47-p67phox complex to tochrome as its SH3 domains bind to a P rich region in
the membrane bound heterodimeric p22-gp91phox fla- p22phox (de Mendez et al., 1997; Heyworth et al., 1991;
vocytochrome. This interaction is prevented in the Sumimoto et al., 1996, 1994). The importance of this
resting state due to an auto-inhibited conformation of interaction in the assembly process is exemplified in
p47phox. The X-ray structure of the auto-inhibited form cells of patients suffering from autosomally inherited
of p47phox reveals that tandem SH3 domains function chronic granulomatous disease (CGD) in which no trans-
together to maintain the cytoplasmic complex in an location takes place because of a p47phox deficiency
inactive form. Further structural and biochemical data (Heyworth et al., 1991).
show that phosphorylation of p47phox activates a mo- In the resting state, the interaction of p47phox with
lecular switch that relieves the inhibitory intramolecu- p22phox, and thereby translocation and NADPH oxidase
lar interaction. This permits p47phox to interact with the activation, is prevented by an auto-inhibited conforma-
cytoplasmic tail of p22phox and initiate formation of the tion of p47phox. This is believed to arise from an intramo-
active, membrane bound enzyme complex. lecular interaction of the SH3 domains with a region in
the C-terminal portion of the protein. This interaction
Introduction does not involve the consensus PxxP motif around
amino acids 361–369, which has been shown by bio-
Reactive oxygen species (ROS) produced by neutrophils chemical (Finan et al., 1994; Leto et al., 1994) and more
and macrophages play a fundamental role in the innate recently structural studies (Kami et al., 2002) to bind to
immune response due to their ability to kill bacterial and the second SH3 domain of p67phox. Instead, the target
fungal pathogens within the phagolysosome. ROS are sequence within the C-terminal portion has been
generated from superoxide anions that are the products mapped to the polybasic region that does not contain
of the NADPH oxidase, a large membrane bound, multi- a conventional SH3 binding motif (Ago et al., 1999;
protein enzyme present in phagocytic cells (Babior, Huang and Kleinberg, 1999). While the molecular details
1999; Lambeth, 2000; Leusen et al., 1996; Nauseef, 1999; of this interaction are not understood at present, there
Segal and Abo, 1993). Inappropriate activation of the has been much speculation about the possible role of
NADPH oxidase and overproduction of reactive oxygen
the tandem SH3 domains and the potential for coopera-
species can lead to inflammatory responses and has
tivity between them (Ago et al., 1999; Huang and
been implicated in a number of disease states, high-
Kleinberg, 1999; Leto et al., 1994).
lighting the importance of a tight regulation of enzymatic
Intramolecular interactions between SH3 domainsactivity (Babior, 2000; Benard et al., 1999).
and their target sequences is a mechanism used by aThe NADPH oxidase consists of six subunits that are
number of kinases such as c-Src or Hck to inhibit theirpartitioned between different subcellular locations in the
enzymatic activity (Sicheri et al., 1997; Xu et al., 1997).resting state. Two of these subunits, p22phox and gp91phox,
In these cases, the kinases are activated by dephos-are integral membrane proteins and form a hetero-
phorylation of a phosphotyrosine residue and subse-dimeric flavocytochrome that constitutes the catalytic
quent disruption of an SH2-pTyr and an SH3-target inter-core of the enzyme. The remaining oxidase components
action and/or by competition of high affinity ligands forreside in the cytosol and include the small GTPase Rac,
binding to the SH2 and SH3 domains. In contrast, activa-as well as a complex of p40phox, p47phox, and p67phox.
tion of p47phox has been suggested to rely, in large part,With the exception of Rac, the cytoplasmic subunits are
on phosphorylation of a number of serine residues within
the polybasic region (el Benna et al., 1994; El Benna et
*Correspondence: katrin.rittinger@nimr.mrc.ac.uk
al., 1996; Fontayne et al., 2002; Inanami et al., 1998;1These authors contributed equally to this work
Park et al., 1997). These multiple phosphorylation events2Present address: University Hospital Geneva, Department of Der-
matology, CH-1211 Geneva, Switzerland. are believed to induce conformational changes in
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Figure 1. Intramolecular Interactions in p47phox
(A) Schematic representation of the domain
structure of p47phox. The positions of the PX
domain (blue), SH3 domains (red), polybasic
region (light blue), and proline-rich region
(green) are indicated.
(B) Complex formation between the tandem
SH3 domains and the polybasic region. Iso-
thermal titration calorimetry measurements
of the binding of the tandem SH3 domains,
SH3A and 1–295 (PX-tandem SH3) to peptide1
(296–330, RGAPPRRSSIRNAHSIHQRSRKRL
SQDAYRRNSVR), the tandem SH3 domains
to peptide2 (296–304, RGAPPRRSS), and the
isolated SH3 domains to one another. Upper
part, raw data of the titration of the tandem
SH3 domains (30M) with peptide1 (300M).
Lower part, integrated heat changes, cor-
rected for the heat of dilution, and fitted
curve, based on a single-site binding model;
nb, no binding.
p47phox, which disrupt the SH3 domain-mediated, intra- Results and Discussion
molecular interaction and unmask the SH3 domains.
Structure of the Auto-Inhibited ConformationIf true, this would constitute an unforeseen regulatory
of p47phoxmechanism of SH3-mediated interactions as it is gener-
In order to elucidate the molecular basis of p47phox auto-ally assumed that complex formation between SH3 do-
inhibition, we characterized the interaction of the tan-mains and their target proteins is constitutive and only
dem SH3 domains with their nonconventional target se-dependent on the binding constant of the interaction
quence. We measured the binding affinity of the tandemand the local concentration of ligands.
SH3 domains, as well as the individual SH3 domains toHere, we present two crystal structures of the core
a 35-mer peptide comprising residues 296–330 of theof p47phox: in the auto-inhibited state and as an activated
polybasic region (peptide1) by isothermal titration calo-form bound to its cognate target peptide from the cyto-
rimetry (ITC). Binding of this peptide to either of theplasmic portion of p22phox. These structures reveal a
isolated SH3 domains (termed SH3A and SH3B) was un-novel mode of target recognition by SH3 domains. The
detectable under the experimental conditions, while thetandem SH3 domains of p47phox share an interface, which
tandem SH3 domains bound with a Kd of 1.5 M and agives rise to a shallow groove that constitutes the pep-
1:1 stoichiometry (Figure 1B). These results establishtide binding surface and is lined with residues of the
that both SH3 domains are essential for the negative
conserved SH3 domain ligand binding surfaces. In the
regulation of p47phox. Based on these data, we crystal-
auto-inhibited form, this site is occupied by a segment lized an auto-inhibited fragment of p47phox comprising
of the polybasic region of p47phox and in the activated amino acids 156–340 and solved the structure by multi
form by a proline rich region from the cytoplasmic do- wavelength anomalous diffraction (MAD) (Table 1).
main of p22phox. These structures, together with bio- The structure reveals an unexpected mode of target
chemical data, lead us to propose a model for p47phox recognition by SH3 domains in which the conserved
regulation. Accordingly, phosphorylation of p47phox acts ligand binding surfaces of both SH3 domains are juxta-
as a regulatory switch to relieve its auto-inhibition and posed so as to create a single binding groove that is
facilitate its interaction with p22phox, thereby leading to occupied by the N-terminal portion of the polybasic re-
assembly of the activated NADPH oxidase at the mem- gion (Figures 2A and 2B). This intramolecular interaction
ensures that complex formation with membrane boundbrane.
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Table 1. Data Collection, Phasing, and Refinement
Data Collection
Native
p47156–340 p47156–285  p22pep
Se-Met MAD Analysis Native
Data Set   0.978 i (1  0.9798) p (2  0.9793) r (3  0.95)   0.9795
dmin (A˚) 20–1.7 20–2.5 20–2.5 20–2.5 20–1.8
Completeness (%) 99.7 99.8 99.8 99.8 99.2
Redundancya 4.9 3.9 3.8 3.9 6.9
Rmerge (%)b 6.7 3.4 3.3 3.8 5.0
Phasing
Resolution bin (A˚) 20.0–10.6 10.6–7.06 7.06–5.64 5.64–7.83 4.83–4.29 4.29–3.89 3.89–3.59 3.59–3.35
FOM 0.71 0.77 0.73 0.71 0.68 0.68 0.64 0.65
Mean FOM 0.69
Refinement
Rcryst (%)c 0.208 0.232
Rfree (%)d 0.233 0.275
Rmsbond (A˚) 0.012 0.01
Rmsangle (deg) 1.5 1.2
Waters 150 207
a Nobs/Nunique (calculated with merged Bijvoets).
b Rmerge  j|I  Ij|/I where Ij is the intensity of the jth reflection and I is the average intensity.
c Rcryst  hkl|Fobs  Fcalc|/hkl|Fobs.
d Rfree, as for Rcryst but calculated on 5% of the data excluded from the refinement calculation.
p22phox is prevented and the NADPH oxidase is kept in SH3 domains has been previously described for the
structure of Eps8, where the n-Src loop acts as the hingean inactive state. The overall structures of both SH3A
and SH3B are similar to that of other SH3 domains, with to allow formation of a strand-exchanged dimer (Kishan
et al., 1997). Nevertheless, the canonical SH3 fold is fullyrms deviations between C	 atoms of 0.8 to 1.3 A˚ (Figure
2A; subscripts denote the SH3 domain to which the conserved in this structure, as it is here. In p47phox, the
domain swap occurs at the distal loop, which is at thedescribed structural element or residue belongs). The
largest differences occur in the n-Src loops, which in opposite face to the conserved ligand binding surface,
resulting in SH3A being made in part from the adjacentp47phox mediate the interaction between the two SH3
domains and result in the burial of 579 A˚2 of solvent SH3 domain (Figure 2A). Dynamic light scattering stud-
ies at protein concentrations up to 3 mg/ml are consis-accessible surface. In particular, the backbone carbonyl
of Glu190A in the n-Src loop of SH3A forms a hydrogen tent with a monomeric form of the crystallized p47phox
fragment (translational diffusion coefficient d  9.83 
bond with the side chain of Ser277B, while the backbone
carbonyl of Leu260B hydrogen bonds the side chain of 107cm2s1), just as the full-length protein (Lapouge et
al., 2002). We are, therefore, confident that the mono-Trp194A at the beginning of CA (see below for a more
detailed discussion of the domain interactions). Addi- meric form of this fragment is the biologically relevant
species and we will refer to the “monomeric” form totional contributions to the stabilization of this mode of
interaction between the two SH3 domains come from simplify the discussion.
contacts between the acidic linker that connects SH3A
and SH3B and the two n-Src loops as well as  sheets A Novel Mode of Peptide Recognition
by the Tandem SH3 DomainsAA, BB, and CB. Nevertheless, there is no detectable
interaction between the individual SH3 domains in isola- The groove formed upon interaction of the tandem SH3
domains is lined by their conserved SH3 binding sur-tion (Figure 1B), indicating that a covalent link is required
between the two domains to ensure a high local protein faces (Figure 3A). The sequence RGAPPRRSS (amino
acids 296–304) of the polybasic region binds to thisconcentration. After exiting the conserved, tandem SH3
domain binding groove the remainder of the polybasic groove in an intramolecular interaction. Residues
GAPPR adopt a polyproline II helix (PPII) conformationregion changes its direction to run along SH3A and make
extensive contacts with this domain and the N-terminal and make contacts with both SH3 domains (Figure 3A).
This interaction is radically different from other SH3 do-portion of the SH3A-SH3B linker. This is followed by an-
other turn that allows residues 310–330 to run across main/target complexes in which a single SH3 domain
binds to a single target sequence (Dalgarno et al., 1997;both SH3 domains, approximately parallel to the SH3A-
SH3B linker. Kuriyan and Cowburn, 1997; Mayer, 2001). The PPII helix
has three residues per turn, thus the prolines of a con-The p47phox molecule exists in the crystal as an inter-
twined dimer, due to a segment swap between the SH3A served PxxP motif lie on the same side of the ligand
structure. However, in the present structure the prolinesdomains, in which the distal loop acts as the hinge for
the domain swapping (Figure 2A). Domain swapping in are consecutive and therefore constitute only one third
Cell
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Figure 2. Overall Structure of the Auto-Inhibitory Conformation of p47phox
(A) Structure of the auto-inhibited domain swapped dimer of p47phox (156–340). The two monomers are shown in red and green. The crystal
structure of the SH3 domain of Abl (1AB0) has been overlapped onto SH3A and is shown in yellow. The lower part of Figure 2A shows an
expanded view of this overlap.
(B) Overall structure of the biological monomer of auto-inhibited p47phox. The SH3A and SH3B domains are colored in blue and red, respectively
and the polybasic region in yellow. The secondary structural elements are labeled according to the standard SH3 domain nomenclature. SH3A
and SH3B are related by an approximate 2-fold axis that is perpendicular to the plane of the page.
of a register around the helix. This arrangement means Asp243B and Glu244B in the RT loop of SH3B (Figures
3A and 3B). These interactions are reminiscent of thethat Pro300 can point into a hydrophobic pocket of SH3A
created by Pro206A, Phe209A, Tyr167A, and Trp193A and binding of peptide ligands in a class II orientation where
a basic residue C-terminal to the core PxxP motif inter-form a hydrogen bond via its backbone carbonyl with
the side chain of Ser208A, while the adjacent Pro299 can acts with conserved acidic residues in the RT loop (Fig-
ures 4A and 4B). At the same time, some of the contactscontact both SH3A and SH3B (Figure 3A). Pro299 makes
hydrophobic interactions with Trp193A and its backbone made with SH3A are typical of a class I orientation. In fact,
a number of interactions made between the polybasiccarbonyl oxygen forms a hydrogen bond with the side
chain of Trp263B. Additional electrostatic interactions region and the tandem SH3 domains involve conserved
residues of both SH3 domains that are known to playare made between the guanidinium group of Arg301 and
Molecular Basis of NADPH Oxidase Activation
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Figure 3. P47phox Constitutes a Novel Mode of SH3 Domain Ligand Interactions
(A) Intramolecular interactions between the sequence R296GAPPRRSS304 and the tandem SH3 domains. The molecular surfaces of SH3A and
SH3B are shown in blue-gray and green-gray, respectively. Residues 296–303 are depicted in stick format; Ser304 has been omitted for clarity.
SH3-domain residues involved in the intramolecular interaction are indicated by their residue number.
(B) Schematic representation of the interactions between the RGAPPRRSS-motif and the tandem SH3 domains. The figure was drawn with
LIGPLOT (Wallace et al., 1995). Residues of the polybasic core are shown in blue and residues of the two SH3 domains in orange. Hydrogen
bonds are depicted as black lines with the bond distances indicated in A˚ and hydrophobic interactions are shown as green (SH3-domains)
and blue (polybasic peptide) rays.
important roles in ligand binding in other systems (Figure show that this interaction is entropically unfavored and
entirely driven by the enthalpic contribution.4A). Nevertheless, overlaps of either SH3 domain with
other peptide bound SH3 domain structures reveal that The additional interactions between the tandem SH3
domains and the C-terminal portion of the polybasicthe polybasic region does not overlap as well with these
peptides as generally seen between other SH3/peptide region, outside of the conserved binding groove, are
crucial for the auto-inhibited conformation as evidencedcomplexes (Figure 4B). This is not surprising given the
dual constraint imposed on the polybasic region by the by the low affinity of 29 M of a peptide comprising
residues 296–304 (peptide 2) for the tandem SH3 do-simultaneous presence of two SH3 domains, which
leads to distortions in the conserved SH3 domain bind- mains (Figure 1B). They involve an extensive network of
hydrogen bonds, salt bridges, and hydrophobic interac-ing modes.
tions. The importance of these additional interactions
for auto-inhibition is not surprising given that the serine
Intramolecular Interactions between the SH3 residues, which are targeted by phosphorylation during
Domains and the Polybasic Region the activation process, are outside or at the border (S303
The interface between the tandem SH3 domains and and S304) of the conserved binding groove.
the polybasic region is extensive and buries 3485 A˚2 of
solvent accessible surface of which only 1384 A˚2 are
contributed by binding of residues 296–304 to the bipar- Does the PX Domain Participate
in Auto-Inhibition?tite SH3 binding groove (Figures 2B and 3A). Given this
extensive interface, the overall affinity of 1.5 M for the Recently it has been proposed that a PxxP motif, which
is present in the PX domain of p47phox, might participateintermolecular binding of a 35 residue peptide repre-
senting the polybasic region (peptide1) to the tandem in its negative regulation via an interaction with SH3B in
the auto-inhibited state (Hiroaki et al., 2001; PrehodaSH3 domains seems surprisingly low. Circular dichroism
studies show that peptide1 exists as a random coil in and Lim, 2001). This model has been based on the obser-
vation that the PxxP motif is largely accessible in thesolution and does not have the same degree of helical
structure as present in the auto-inhibited complex (data structure of the isolated PX domain and that this domain
is able to bind to SH3B with an affinity of 50 M (Hiroakinot shown). This suggests that the low affinity of this
interaction is a consequence of formation of secondary et al., 2001). Furthermore, it has been shown that binding
of phosphatidylinositols to the PX domain is inhibitedstructure for which an energetic penalty has to be paid.
This interpretation is supported by our ITC studies that in full-length p47phox (Karathanassis et al., 2002), sug-
Cell
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Figure 4. Comparison with Other SH3 Domains
(A) Sequence alignment of representative SH3 domains with SH3A (top) and SH3B (bottom) of p47phox. Conserved residues that are involved in
ligand binding are highlighted in yellow (S208 and D243 also make interactions but are not conserved). Residues, which are involved in
interactions with the linker, are colored in green and residues, which make inter-SH3 contacts, are colored in blue. Common secondary
structural elements and the positions of characteristic loops are indicated above the sequence alignment.
(B) Overlap of SH3A and SH3B with structures of canonical peptide ligands in either a class I (1AB0 onto SH3A; Musacchio et al., 1994) or class
II orientation (1CKB onto SH3B; Wu et al., 1995). The positions of the conserved prolines in the consensus PxxP motifs are indicated. Residues
from p47phox are shown in red and the class I and II peptides in green and blue, respectively.
gesting that the remainder of the protein must either thalpic and entropic contributions, suggesting that
some communication does take place between the twointeract directly with the PX domain or act allosterically
to inhibit lipid binding. To investigate if the interaction domains. However, the present structure illustrates that
the conserved SH3 binding surfaces are already occu-of the polybasic region with the tandem SH3 domains
is competitive with respect to the PX domain, we mea- pied by the polybasic region and therefore are not avail-
able for an interaction with the PX domain. Karatha-sured binding of a construct that includes the PX do-
main, in addition to the tandem SH3 domains (fragment nassis et al. (2002) show that phosphorylation of a
number of serines in the C-terminal portion of p47phox as1–295), to peptide1. This construct bound peptide1 with
an affinity of 0.5 M (Figure 1B), moderately higher than well as a site specific mutation in SH3B (W263R), both
of which are thought to disrupt the intramolecular inter-the tandem SH3 domains and with slightly different en-
Molecular Basis of NADPH Oxidase Activation
349
action with the polybasic region, are able to restore anionic amphiphiles in cell free reconstitution assays,
but has provided no information about the relative con-binding of phospholipids to the PX domain in full-length
tribution of the individual serine residues (Ago et al.,p47phox. These observations suggest that it might be the
1999; Huang and Kleinberg, 1999; Inanami et al., 1998).interaction between the tandem SH3 domains and the
Here, we have measured the affinity of complex forma-polybasic region that allows the formation of a binding
tion between a number of p47phox serines to glutamatesurface for the PX domain. Further studies are required
mutants with fluorescein-labeled peptide3. As shown into understand the precise details of this interplay.
Figure 5B, no interaction was detected between pep-
tide3 and wild-type p47phox nor the auto-inhibited frag-Complex Formation with p22phox Is Enhanced
ment. However, substitution of an increasing number ofby the Presence of SH3B
serines by glutamate residues induced binding to theIn the activated conformation, p47phox is able to bind
p22 peptide with gradually increasing affinity. A maxi-to p22phox and induce translocation of the cytoplasmic
mum binding affinity of 8 M was detected with mutantcomplex to the membrane. It has been reported that
S303/304/315/320/328E in which all phosphorylatedaccessibility to SH3A is sufficient for this interaction and
serines in the polybasic region have been substituted.that the formation of a “superSH3” domain, as observed
The fact that this binding is weaker than that seen forin the auto-inhibited structure, is not required (Sumimoto
the tandem SH3 domains (0.4 M) most likely reflectset al., 1996, 1994). To test this idea, we carried out
the fact that glutamates are not ideal mimics for phos-ITC experiments between p47phox and an 18-mer peptide
phoserines due to differences in charge and conforma-derived from the cytoplasmic domain of p22phox (pep-
tion. Alternatively, the quintuple mutant might not fullytide3), which has been shown to contain the p47phox
reflect the active conformation of p47phox because phos-target sequence (Sumimoto et al., 1996, 1994). As ex-
phorylation of additional serines in the C terminus couldpected there was no binding between this peptide and
have allosteric effects on the polybasic region.full-length p47phox or the auto-inhibited protein used for
Phosphorylation of Ser303 and 304, which lie at thecrystallization or SH3B alone. On the other hand, titration
edge of the conserved SH3 ligand binding groove inof SH3A with the peptide indicated that there was some
auto-inhibited p47phox (Figure 5C), has been describedinteraction (Figure 5A). However, the enthalpy of com-
to be crucial to the activation process (Ago et al., 1999;plex formation is very small (H2.5 kcal/mole) mak-
el Benna et al., 1994; El Benna et al., 1996; Faust et al.,ing the estimated Kd of 3.4M for this interaction unrelia-
1995; Inanami et al., 1998; Shiose and Sumimoto, 2000).ble. In contrast, the tandem SH3 domains bound
However, substitution of these two serines by gluta-strongly to peptide3 and the binding isotherm of this
mates only results in weak binding to the p22 peptidetitration could be fitted to a Kd of 0.19 M and a H
(Kd  93 M) (Figure 5B). Similarly, substitution ofof7.5 kcal/mole (Figure 5A). This20-fold higher affin-
Ser328, which has been shown to be the most exten-ity argues strongly that SH3B makes a significant contri-
sively phosphorylated serine only marginally increasesbution to complex formation with p22phox. We confirmed
binding to the p22 peptide (Kd  590 M) (Fontaynethese differences in affinities by using a fluorescein-
et al., 2002). However, the effect of combining theselabeled peptide3 and following the changes in fluores-
mutations is cumulative and the triple mutant is able tocence intensity upon complex formation (Figure 5B).
interact with p22phox with an affinity of 17.8 M. In con-With this technique, we determined dissociation con-
trast, substitution of Ser315 and Ser320, which are sol-stants of 7 M for binding of p22phox to SH3A and 0.4 M vent exposed in the auto-inhibited conformation, makesfor the tandem SH3 domains supporting the significant
only a minor contribution to activation.
difference in affinities. These results agree with previous
Ser303 forms a hydrogen bond with the side chain of
reports investigating this interaction by biotinylated
Glu241 in the auto-inhibited p47phox structure (Figure 3B),
overlay assays (Leto et al., 1994; Wilson et al., 1997), suggesting that phosphorylation of this serine will lead
but seem apparently inconsistent with others describing to charge repulsion and thereby induce disruption of
SH3A to be sufficient to confer high affinity binding to this interaction. Furthermore, Ser303 is close to Arg316
p22phox (de Mendez et al., 1997; Sumimoto et al., 1996). and 318 in the polybasic region and phosphorylation
However, it seems likely that these discrepancies are might induce rearrangements of this area and allow the
due to the less quantitative nature of the techniques formation of electrostatic interactions between the
used in those studies, possibly resulting in an underesti- phosphate and the guanidinium groups, thereby pulling
mation of the contribution of SH3B to complex formation. the region around Ser303 away from the conserved SH3
ligand binding surface (Figure 5B). The close proximity
Phosphorylation Induces Release of two arginines to Ser303 and 304 explains why a S303/
of the Auto-Inhibited Conformation 304K mutation can lead to activation of the NADPH
Phosphorylation of serine residues in the polybasic re- oxidase (Inanami et al., 1998). Charge repulsion between
gion plays an important role in the activation and assem- the arginine and lysine residues will interfere with the
bly process of the NADPH oxidase. Various studies have auto-inhibited conformation and disrupt the intramolec-
shown that all of the serine residues of the polybasic ular interaction. Ser328 forms a hydrogen bond with
region become phosphorylated during activation with the side chain of Arg267, an interaction that might be
the exception of Ser310 (el Benna et al., 1994; El Benna expected to be enhanced upon phosphorylation. How-
et al., 1996; Fontayne et al., 2002) (Figure 5C). Substitu- ever, Ser328 is close to strand C and the distal loop of
tion of a number of these serines by glutamates or aspar- SH3B (Figure 5C) and introduction of a bulky phosphate
tates, in order to mimic a phosphoserine, enables com- group could lead to steric clashes with this region. It
seems likely that these three mutations will induce struc-plex formation with p22phox and abrogates the need for
Cell
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Figure 5. Phosphorylation-Induced Activation of p47phox
(A) ITC measurements of the binding of p47phox (156–340), SH3A, SH3B, and the tandem SH3 domains to the p22 peptide (peptide3). Upper
part, raw data of the titration of peptide3 (200 M) into the tandem SH3 domains (20 M). Lower part, integrated heat changes, corrected for
the heat of dilution, and fitted curve, based on a single-site binding model.
(B) Fluorescence measurements of the binding of p47phox WT, SH3A, the tandem SH3 domains (SH3AB), p47phox S328E (M1), p47phox S303/304E
(M2), p47phox S303/304/328E (M3), and p47phox S303/304/315/320/328E (M5) to peptide3.
(C) Ribbons representation of auto-inhibited p47phox with the serine residues, which become phosphorylated upon activation, highlighted in
red, Glu241 and Arg267 in yellow and arginine residues 302, 316, and 318 in blue. The molecule is in the same orientation as in Figure 2.
tural changes that interfere with the N- and C-terminal cytosolic portion of p22phox (Figure 6A). This structure
reveals that, as observed in the auto-inhibited structure,portions of the intramolecular complex, thereby destabi-
lizing this interaction and allowing p22phox to successfully the target sequence in p22phox is recognized by the con-
served, tandem SH3 domain binding groove. In fact, ancompete for binding to the tandem SH3 domains.
overlap of the tandem SH3 domains of the p22 peptide
bound and auto-inhibited structure (rms of 1.3 A˚) brings
Structure of the p22phox-p47phox Complex the sequence NPPPRP of p22phox on top of the polybasic
In order to understand the interaction of p47phox with peptide core G297APPRR302, showing that both ligands
p22phox, we solved the structure of the tandem SH3 do- bind to the same surface of p47phox (Figure 6B). The
interface between the two SH3 domains is similar to thatmains bound to an 18-mer peptide derived from the
Molecular Basis of NADPH Oxidase Activation
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Arg301/Arg158 make salt bridges with Asp243 and
Glu244 in the RT loop of SH3B. However, interactions
outside of the conserved binding groove are different
and the p22 peptide makes additional contacts with
SH3A, which are not present in the auto-inhibited struc-
ture, explaining why isolated SH3A is capable of binding
to the p22 peptide with an affinity in the low micromolar
range. These additional contacts involve the stacking
of Pro151, Pro152, and Pro160 against Trp204, Trp193,
and Phe209, respectively. The binding of the p22 peptide
to p47phox resembles a class I orientation unlike the auto-
inhibitory interaction which has to be regarded as
“mixed”.
Trp193 plays a central role in the interaction with the
p22 peptide by making a hydrogen bond between its
indole nitrogen and the backbone carbonyl of Asn154
while at the same time engaging in van der Waals inter-
actions with Pro152 and Pro156 (Figure 6B). The equiva-
lent tryptophan in SH3B, Trp263, forms hydrogen bonds
only with backbone carbonyls of Pro156 and Pro157 but
is not involved in such extensive hydrophobic interac-
tions as its SH3A counterpart. This explains why muta-
genesis studies did not detect a decrease in binding of
a W263R mutant to p22phox while the equivalent W193R
mutant almost completely abrogated complex formation
(Ago et al., 1999; de Mendez et al., 1997; Hata et al.,
1998; Sumimoto et al., 1996). This effect of the W193R
mutation has generally been taken as evidence that only
SH3A is involved in complex formation with p22phox. How-
ever, the present structure and our biochemical data
show, that while isolated SH3A is capable of bindingFigure 6. The Complex between p47phox and p22phox
to p22phox, the affinity of this interaction is significantly
(A) Structure of the tandem SH3 domains bound to the p22 peptide.
increased when both SH3 domains are present and formSH3A is colored in blue and SH3B in red. The peptide sequence
a single ligand binding surface.P151PSNPPPRPP160 is depicted in a ball-and-stick representation.
A P156Q mutation in the conserved PxxP motif of the(B) Overlap of the p22 peptide (yellow) with residues GAPPRR of
the auto-inhibited structure (red). The positions of conserved SH3 cytoplasmic region of p22phox that leads to a defect in
domain residues, which are involved in ligand binding, are shown NADPH oxidase activity has been identified in patients
in light gray (p22 structure) and dark gray (auto-inhibited structure). suffering from chronic granulomatous disease (Dinauer
Residue Y237 has been omitted for clarity.
et al., 1991; Leto et al., 1994; Leusen et al., 1994; Sumi-
moto et al., 1994). From our structure, it is apparent
that a P156Q mutation would lead to the disruption ofof auto-inhibited p47phox and only slight rearrangements
interactions between the proline side chain and a hy-have occurred which allow Trp194A and Trp264B to make
drophobic pocket created by conserved residues ofwater-mediated hydrogen bonds across the domain in-
SH3A, explaining its importance in p22-p47phox complexterface. As observed in the auto-inhibited structure, the
formation (Figure 6B).tandem SH3 domains exist as a domain-swapped dimer
with the distal loop of SH3A acting as the hinge. Dynamic
light scattering and sedimentation equilibrium studies A Model for Phosphorylation-Induced Activation
of the NADPH Oxidaseof this fragment show that, unlike the previous fragment,
it exists as a dimer in solution (data not shown). How- NADPH oxidase function is fundamental for our re-
sponse to infections by pathogens. However, inappro-ever, as discussed previously for the auto-inhibited
structure, we believe that the biologically functional unit priate activation of this enzyme has severe conse-
quences for the host and leads to a number of diseaseof p47phox is a monomer (Figure 6A) and that the observed
domain swap is merely a consequence of the truncation states. Therefore, a complex system of reversible pro-
tein-protein interactions has evolved to minimize the riskof the full-length protein and not of any physiological
significance. of accidental activation of the oxidase. These control
mechanisms can be divided into two principal steps:Details of the contacts between the p22 peptide and
p47phox are shown in Figure 6B and compared with those first, the translocation and docking of the cytoplasmic
proteins to the membrane components and secondly,made in the auto-inhibited conformation. These interac-
tions involve van der Waals interactions between the generation of the active enzyme conformation. The
first step is regulated, in large part by p47phox, whichAla298/Pro155 and a hydrophobic pocket created by
Trp263, Tyr237, Pro276, and Tyr279, stacking of Pro299/ exists in different conformations that either enforce the
resting state or allow translocation and interaction withPro156 against Trp193, and the interaction of Pro300/
Pro157 with Tyr167, Pro206, and Phe209. In addition, membrane bound p22phox. Structures of these different
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states presented here explain how the NADPH oxidase residues for the formation and function of the superSH3
domain, we introduced the corresponding serine substi-is kept inactive through an intramolecular interaction in
which the tandem SH3 domains of p47phox are blocked tutions into the tandem SH3 domains and measured
binding to peptide2, representing the core of the polyba-and prevented from binding to the flavocytochrome.
Phosphorylation of multiple serine residues in the poly- sic region, and the p22 peptide (peptide3), by fluores-
cence spectroscopy and ITC, respectively. Interestingly,basic region acts as a switch to destabilize and relieve
this auto-inhibitory interaction allowing p22phox to com- introduction of either mutation individually resulted in
proteins that were less soluble than the wild-type pro-pete successfully for binding to the tandem SH3 do-
mains. Additional sites of interaction between p47phox tein. Furthermore, the double mutant was almost com-
pletely insoluble, suggesting that these mutations influ-and the flavocytochrome have been suggested to exist,
which could induce a conformational change in the ence protein folding. Nevertheless, sufficient soluble,
monodisperse protein for each of the single mutantsmembrane bound cytochrome, thereby contributing to
the formation of the active enzyme complex. Elucidation could be obtained for binding measurements. The
G192SA mutation reduces the affinity for the p22 peptideof the precise architecture of the membrane-assembled
complex awaits further studies. by over 50-fold to 11.8 M, lower than its affinity for
isolated SH3A (Figure 7B). This suggests that, in addition
to interfering with interdomain interactions, conforma-The superSH3 Domain as a Novel Protein-Protein
tional changes induced in the n-Src loop also compro-Interaction Module
mise peptide binding. In contrast, the G262SB mutationSpecificity as well as affinity between SH3 domains and
only reduced the apparent affinity for the p22 peptidetheir target peptides is generally rather low but can be
to 3.7 M, which is similar to that for isolated SH3A. Theincreased in the context of full-length proteins through
study of complex formation with the polybasic core wasadditional interactions between residues outside of the
problematic due to the decreased solubility of theseconsensus PxxP motif (Lee et al., 1996; Lim, 1996). Such
mutants and the fact that even the wild-type protein hasinteractions contribute to affinity between the tandem
a low affinity for this peptide (29 M). However, the useSH3 domains and the polybasic region in auto-inhibited
of intrinsic protein fluorescence allowed us to determinep47phox. However, our structure reveals that specificity
an affinity of120 M of peptide2 for the G192S mutantand affinity can be achieved by a mechanism involving
while the G262S mutant did not show any detectablethe formation of a superSH3 domain in which the ligand
binding (Figure 7C). These data support our observa-binding surface is formed by the association of two
tions made with the p22 peptide that a glycine in posi-conserved SH3 domains that are connected by a flexible
tions 192 and 262 is crucial to allow the two SH3 domainslinker. This mode of target recognition has the advan-
to cooperate and form a superSH3 domain and allowtage of greater flexibility when binding of different tar-
us to rationalize the observation that these mutationsgets has to be achieved. The tandem SH3 domains of
can lead to CGD.p47phox must bind to a typical consensus PxxP motif
Close to 200 proteins in the nonredundant databaseas well as an unconventional target sequence. As the
contain multiple SH3 domains and a significant subsetbinding site is formed by two independent domains,
contains two or more domains that satisfy the “GWW-minor rearrangements between the domains with re-
motif”. These include the CD2AP/CMS family of adaptorspect to one another can allow these different ligands
proteins, FISH, and a number of ORFs, encoding pro-to be accommodated. Similarly, the ligands themselves
teins of unknown function. In the light of the resultscan use different regions of two SH3 surfaces to opti-
described here, we suggest that the formation of su-mize affinity and specificity.
perSH3 domains might be a general phenomenon inTwo structural features allow p47phox to adopt this par-
SH3 domain signaling. In fact, “GWW-motif” containingticular domain arrangement. First, the covalent link be-
proteins may represent only a lower estimate of thetween the SH3 domains is necessary to ensure a high
number of molecules that could utilize a superSH3 do-local domain concentration and drive an otherwise ex-
main arrangement. It is feasible that slight re-tremely weak interaction. Second, the interface is able
arrangements of the SH3-SH3 interface resulting fromto form due to the presence of a glycine residue in
variations in the length and sequence of the n-Src loopeach of the n-Src loops in a conserved “GWW-motif”
may also allow association in a similar way. Further(residues 192–194 in SH3A and 262–264 in SH3B). The
studies are now required to reevaluate the binding pat-first tryptophan residue is crucial for ligand binding and
terns of multiple SH3 domain-containing proteins to es-fully conserved in SH3 domains while the second trypto-
tablish which of these uses a superSH3 domain arrange-phan contributes to interdomain interactions in p47phox.
ment to bind their target ligands.The glycine residues are juxtaposed and make van der
Waals contacts with main chain atoms in the opposing
n-Src loop but do not contact the polybasic region or the Concluding Remarks
p22 peptide. The arrangement observed in the crystal
structures suggests that substitution of these glycines Reversible protein-protein interactions play crucial roles
in many cellular processes. Complex formation is oftenwould lead to disruption of the superSH3 interface (Fig-
ure 7A). Importantly, missense mutations in the p47phox highly regulated and can induce the assembly of multi-
component complexes, changes in subcellular localiza-gene that result in substitution of either glycine 192 or
262 to serine have been detected in CGD patients whose tion or modulation of enzyme activity. Protein interaction
modules are key mediators of these interactions and oneother allele carries a deletion (Noack et al., 2001).
To further explore the importance of these glycine of the best-characterized modules is the SH3 domain.
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Figure 7. The Role of G192 and G262 in For-
mation of the superSH3 Domain
(A) Ribbons representation of the n-Src loops
at the interface between SH3A and SH3B. The
modeled mutation of G192S results in steric
clashes with main chain atoms from the n-Src
loop of SH3B. The blue sphere represents the
van der Waals surface of C of S192 and
the red spheres those of main chain C	s in
the n-Src loop of SH3B.
(B) Isothermal titration calorimetry measure-
ments of complex formation between the
G192S (blue) and the G262S (red) mutant and
the p22 peptide (peptide3). Upper part, raw
data of the titration of the G262S mutant (25
M) with peptide3 (180 M). Lower part, inte-
grated heat changes, corrected for the heat
of dilution, and fitted curve, based on a sin-
gle-site binding model.
(C) Binding of peptide2 to the tandem SH3
domains monitored by following the increase
in intrinsic fluorescence upon complex for-
mation. Increasing concentrations of pep-
tide2 were titrated into a solution of 1 M
of wild-type protein (red circles), the G192S
mutant (triangles), and the G262S mutant pro-
tein (squares).
amino acids 149–166 “peptide3”) and Dr. W. Mawby, University ofBinding to its P-rich ligands is generally assumed to be
Bristol, United Kingdom (p47phox, amino acids 296–330 “peptide1”constitutive and independent of chemical modifications,
and amino acids 296–304 “peptide2”).such as phosphorylation. The NADPH oxidase is a highly
regulated, multi-subunit enzyme whose activity is de-
pendent on multiple SH3 domain mediated interactions, Crystallization, Structure Determination, and Refinement
Crystals were grown at 18C using the hanging drop method. Formaking it an ideal system to study multi-protein assem-
p47(156–340) crystallization was carried out by mixing 2l of proteinbly. Our structures of the oxidase subunit p47phox in an
(20–35 mg/ml) in 20 mM HEPES [pH 7.0], 100 mM NaCl, and 2 mMactive and inactive state reveal that SH3 domains can
DTT with 2 l of reservoir solution (12% PEG 3000, Na-Citrate [pH
be subject to regulation through phosphorylation and 5.0]). Crystals reached their full size of 0.2 
 0.2 
 0.5 mm3 within
are much more versatile in the way they recognize their 4 weeks. The tandem SH3/p22peptide complex was crystallized by
ligands than previously assumed. incubating 7 mg/ml protein with 2.5-fold molar excess of peptide
for 30 min and mixing 1.5 l of this complex with 1.5 l of the
reservoir solution (1 M Na-citrate, 0.1 M Na-cacodylate, [pH 6.5]).Experimental Procedures
Crystals grew in about 7 days and tended to from clusters. Microdis-
sections were performed to isolate single crystals. For low tempera-Protein Cloning, Expression, and Preparation
Human p47phox, the full-length protein and fragments 1–295 (PX- ture data collection, crystals were transferred stepwise into the re-
spective reservoir buffer containing 5%–25% glycerol.tandem SH3), 156–285 (tandem SH3), 156–285(G192S), 156–
285(G262S), 156–285(G192/262S), 156–215 (SH3A), 225–285 (SH3B), p47(156–340) crystals belong to space group p41212 with cell di-
mensions of a  b  99.99 A˚, c  44.88 A˚, and 1 molecule in156–340 as well as full-length S303/304E, S328E, S303/304/328E,
and S303/304/315/320/328E were cloned into pGEX-6P-1 (Amer- the asymmetric unit. Crystals of the tandem SH3/p22peptide complex
belonged to space group P21212 with cell dimensions of a sham Pharmacia Biotech) and expressed in E. coli BL21. The pro-
teins were purified by affinity chromatography on glutathione Sepha- 132.66 A˚, b 57.81 A˚, c 45.17 A˚, and 2 complexes per asymmetric
unit.rose 4B and cleaved on column with PreScission Protease. Further
purification of p47phox tandem SH3, SH3A, and SH3B was carried out Native data were collected to 1.7 and 1.8 A˚ resolutions, respec-
tively, on Station 14.2 at the SRS, Daresbury, United Kingdom, onby gel filtration on Superdex 75 or of the remaining p47phox constructs
by ion-exchange chromatography on Source S (Amersham Phar- an ADSC Q4R CCD detector and processed using DENZO and
SCALEPACK (Otwinowski and Minor, 1997). Phase information formacia Biotech). All proteins were concentrated up to 40 mg/ml by
ultrafiltration. Mutagenesis was carried out using the QuickChange the auto-inhibited p47(156–340) structure was derived from a three
wavelength MAD experiment, using a single crystal of selenomethio-site-directed mutagenesis kit (Stratagene). Sequences were con-
firmed by nucleotide sequencing and mass spectrometry of the nine substituted protein. Data for each wavelength were collected
to a nominal 2.5 A˚ spacing on Station 14.2 at the SRS, Daresbury,purified proteins.
Synthetic peptides were prepared by Pete Fletcher, NIMR (p22phox, United Kingdom. Three Se sites were located, and the phases re-
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fined using the SOLVE/RESOLVE package (Terwilliger and Berend- CCP4 (Collaborative Computational Project 4) (1994). The CCP4
suite: programs for protein crystallography. Acta.Crystallogr D 50,zen, 1999). The resulting Fourier maps were readily interpretable
allowing a model consisting of residues 157 to 332 to be built using 760–763.
“O” (Jones et al., 1991). The p47/p22peptide complex was solved by Dalgarno, D.C., Botfield, M.C., and Rickles, R.J. (1997). SH3 domains
molecular replacement (Navaza and Saludjian, 1997) using the final and drug design: ligands, structure, and biological function. Biopoly-
refined p47(156–340) model. The SH3A-SH3B linker is disordered in mers 43, 383–400.
one of the molecules in the asymmetric unit. All refinement was
de Mendez, I., Homayounpour, N., and Leto, T.L. (1997). Specificitycarried out using Refmac5 (CCP4, 1994) together with automated
of p47phox SH3 domain interactions in NADPH oxidase assemblysolvent building in ARP (Perrakis et al., 2001). Relevant statistics
and activation. Mol. Cell. Biol. 17, 2177–2185.for the structure solutions and refinement are shown in Table 1.
Dinauer, M.C., Pierce, E.A., Erickson, R.W., Muhlebach, T.J., Mess-Figures were produced with Ribbons (Carson, 1991), GRASP (Ni-
ner, H., Orkin, S.H., Seger, R.A., and Curnutte, J.T. (1991). Pointcholls et al., 1991) and Bobscript (Esnouf, 1999). The PDB accession
mutation in the cytoplasmic domain of the neutrophil p22-phox cyto-codes are 1NG2 for the auto-inhibited p47phox structure and 1OV3
chrome b subunit is associated with a nonfunctional NADPH oxidasefor the p47-p22phox complex.
and chronic granulomatous disease. Proc. Natl. Acad. Sci. USA 88,
11231–11235.Isothermal Titration Calorimetry
Binding of p47phox and fragments thereof to peptides1–3 were mea- el Benna, J., Faust, L.P., and Babior, B.M. (1994). The phosphoryla-
sured by isothermal titration calorimetry (Wiseman et al., 1989) using tion of the respiratory burst oxidase component p47phox during
a MicroCal Omega VP-ITC calorimeter (MicroCal Inc., Northampton, neutrophil activation. Phosphorylation of sites recognized by protein
USA). All proteins were dialyzed against ITC-buffer (25 mM HEPES, kinase C and by proline-directed kinases. J. Biol. Chem. 269, 23431–
50 mM NaCl, 2 mM EDTA, and 2 mM DTT) and experiments were 23436.
performed at 15C. Solutions of 20–50 M protein in the cell were El Benna, J., Faust, R.P., Johnson, J.L., and Babior, B.M. (1996).
titrated by injections of a total of 250 l of 200–500 M peptide in Phosphorylation of the respiratory burst oxidase subunit p47phox
the syringe in 25–40 aliquots. Heats of dilution were determined as determined by two-dimensional phosphopeptide mapping. Phos-
by titrating the peptide into ITC-buffer. The heats of dilution were phorylation by protein kinase C, protein kinase A, and a mitogen-
subtracted from the raw titration data before data analysis using activated protein kinase. J. Biol. Chem. 271, 6374–6378.
the evaluation software, MicroCal Origin version 5.0 provided by
Esnouf, R.M. (1999). Further additions to MolScript version 1.4, in-the manufacturer, assuming a single-site binding model.
cluding reading and contouring of electron-density maps. Acta Crys-
tallogr. D Biol. Crystallogr. 55, 938–940.
Fluorescence Intensity Titrations
Faust, L.R., el Benna, J., Babior, B.M., and Chanock, S.J. (1995).Fluorescence titrations were carried out using an ISS PC1 spec-
The phosphorylation targets of p47phox, a subunit of the respiratorytrofluorometer. All measurements were taken at 20C with excitation
burst oxidase. Functions of the individual target serines as evaluatedat 492 nm and emission at 525 nm for the fluorescently labeled
by site-directed mutagenesis. J. Clin. Invest. 96, 1499–1505.peptide3 and excitation at 290 nm and emission at 340 nm for
the tandem SH3 domains. For binding measurements, increasing Finan, P., Shimizu, Y., Gout, I., Hsuan, J., Truong, O., Butcher, C.,
concentrations of p47phox and fragments thereof were titrated into Bennett, P., Waterfield, M.D., and Kellie, S. (1994). An SH3 domain
a 0.5 M solution of fluorescein labeled peptide3 and increasing and proline-rich sequence mediate an interaction between two com-
concentrations of peptide2 into a 1 M solution of the wild-type or ponents of the phagocyte NADPH oxidase complex. J. Biol. Chem.
mutant tandem SH3 domains. Data were fitted to a quadratic equa- 269, 13752–13755.
tion using Grafit (Erithacus Software). Fontayne, A., Dang, P.M., Gougerot-Pocidalo, M.A., and El-Benna,
J. (2002). Phosphorylation of p47phox sites by PKC alpha, beta II,
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